The objective was to evaluate effect of dimethyl sulfoxide (DMSO) on microtensile bond strength (µTBS) and nanoleakage (NL). Superficial dentin was acid-etched and pretreated with DMSO. Etch-and-rinse adhesive was applied and restored with resin composite incrementally. After 24 h, teeth were sectioned, stored in artificial saliva for 24-h or 6-months before µTBS evaluation. Failure modes were examined. Six beams per group were submitted to nanoleakage evaluation using SEM. Data were analyzed using ANOVA and Tukey's test (α=0.05). Pretreatment had no significant effect on µTBS after 24 h (p>0.05). After 6 months storage, µTBS of control decreased significantly, more than with the groups treated with 0.01% or higher (p<0.05). DMSO-pretreated groups preserved µTBS in all groups. After 6-months, all groups except 0.001% showed significantly lower nanoleakege compared to control (p<0.05). DMSO (0.01-20%) may improve the hybrid layer integrity and bonding durability. The best results were seen with low (1-5%) of DMSO concentrations.
INTRODUCTION
The limited durability of resin-dentin bonds is mainly attributed to the hydrolytic degradation of the adhesive resin interface and host-derived enzymatic degradation of the organic component of the adhesive interface 1) . Failure of the bond between resin composite and dentin result in leakage, secondary caries, and loss of restorations and tooth structure over time 2) . Strategies to increase the durability of the resin restorations mainly focus on different formulations or strategies to improve the infiltration and saturation of adhesive monomers into demineralized dentin matrices, and also inhibition of endogenous enzymatic activity that cause the degradation of the collagen part of the hybrid layer 1, 3) .
Solvents incorporated in dental adhesive systems play an important role in achieving bonding to the hard tissues. The solvents dissolve the monomer blends and carry them deep into the tooth structure to facilitate the proper infiltration of the exposed collagen network with the adhesive monomers 4, 5) . However, despite improved formulations over the years, the encapsulation of the collagen network is always imperfect, leaving void spaces at the adhesive interface 1) . When collagen network is not properly encapsulated it is prone to degradation through the host-derived enzymatic activity, compromising the long term durability.
Dimethyl sulfoxide (DMSO) is a polar aprotic solvent, which has ability to dissolve both polar and non-polar compounds. DMSO is considered as one of the most powerful organic solvents due its ability to dissolve the largest variety of substrates including organic molecules, carbohydrates, polymers, peptides, as well as inorganic salts and gases 6) . Additionally, DMSO is considered as one of the best penetration enhancers for medical purposes, because of its ability to penetrate biological surface 6) . In monomer cytotoxicity studies, DMSO has been used to dissolve several dental monomers and components 7, 8) and in a concentration of 5% or higher it has an inhibitory effect on endogenous dentinal enzymes 9) .
Additionally, recent studies have indicated that a considerably low (0.004%) or very high concentration (50%) of DMSO pretreatment could improve both immediate and long-term dentin bond strength [10] [11] [12] . However, the DMSO pretreatment concentrations used in two different studies are very different and to our knowledge, there are no studies, systematically addressing if the effect is concentration dependent or not and what will be the optimum concentration for clinical applications.
Therefore, the aim of this study was to evaluate the effect of various concentrations of DMSO in short and long-term dentin bonding and nanoleakage. The null hypothesis was that dentin pretreatment with various concentrations of DMSO does not affect the immediate or long-term dentin bond strength or nanoleakage of adhesive interfaces.
MATERIALS AND METHODS
Seven concentrations of DMSO were used in this study. All concentrations were diluted from a 99.9% DMSO (Merck, Billerica, MA, USA) with distilled water to produce lower concentrations of DMSO (0.001, 0.01, 0.1, 1, 5, 10, and 20%). Phosphoric acid 37% (Scotchbond Universal Etchant, 3M ESPE, Seefeld, Germany), adhesive resin (Adper Single Bond Plus, 3M ESPE, St. Paul, MN, USA) and resin composites (Filtek Supreme XTE, 3M ESPE) were used for restorative procedure.
Specimen preparation
Forty-eight extracted noncarious third molars were used in this study with the patients' consent and approval from the Ethical Committee, Faculty of Medicine, University of Oulu (register #23-2003). Teeth were stored in 0.02% sodium azide at 4°C and used within 3 months. The occlusal surface and superficial dentin was sectioned perpendicular to the long axis of the tooth under water cooling to exposed flat dentin surface by a diamond saw (Isomet 1000, Buehler, Lake Bluff, IL, USA). The teeth were randomly divided into eight experimental groups (n=6 teeth/group). The exposed dentin surface was polished with 600-grit SiC abrasive paper for 60 s to create a uniform smear layer and kept moist until the next step.
All the bonding procedures were performed by a single operator following the manufacturer recommendations at room temperature of 23°C. The dentin surface was acid-etched with 37% phosphoric acid for 15 s. The surfaces were rinsed with distilled water for 30 s, and then gently dried with compressed air for 5 s to obtain moist/dry surface. After acid etching, each group was pretreated with respective DMSO concentration, applied on dentin with agitation for 30 s using a microbrush. After blot-drying with a cotton pellet to remove the excess, air stream was gently used to further remove excess DMSO for 10 s. One coat of an adhesive resin was then applied for 15 s with gentle agitation and gently air-thinned for 5 s and light cured for 10 s (Elipar S10, 3M ESPE) at 1,200 mW/cm 2 , followed by construction of resin composite restoration on dentin surfaces with four layers filled incrementally approximately 1.0-1.5 mm in each increment (Filtek Supreme XTE, 3M ESPE). Each layer of composite was light polymerized separately for 20 s.
Microtensile bond strength test
All restored teeth were stored in artificial saliva for 24 h at 37°C, to allow postoperative polymerization of adhesive and resin composite. Twenty-four hours after bonding, restored teeth were sectioned to obtain 0.9×0.9 mm tooth-restoration beams. The bonded beams originated from the same tooth were randomly divided and assigned to be tested immediately or after aging for 6 months (n=6 teeth/group). The microtensile bond strength (µTBS) was carried out at a crosshead speed of 0.5 mm/min using Bisco Micro Tensile Tester (Bisco, Schaumburg, IL, USA). Other beams were stored for the long-term bond strength in artificial saliva at 37°C 13) for 6 months to evaluate the durability of bond strength. Microtensile bond strength values (MPa) were calculated by dividing the force (N) by the measured interface surface (mm 2 ).
Failure pattern analyses
After µTBS testing, fracture surfaces were evaluated under light microscope (FM 700, Futuretech, Kawasaki, Japan) at 50× magnification. Failure patterns were classified according to the fractured side as follows. CD: cohesive in dentin (failure occur within dentin only); CR: cohesive in resin (failure occur within resin only); MI: mixed failure (failure at the resin-dentin interface, involving both cohesive failure of resin and dentin substrates); PF: pretesting failure (failure happened before testing). The failure patterns were also confirmed later with light microscope at 50×.
Interfacial nanoleakage evaluation
Six beams of each group (control and DMSO-pretreated specimens) were used to evaluate nanoleakage. Three beams were tested 24 h after preparation. Another three beams were stored in artificial saliva for 6 months prior to nanoleakage evaluation. Beams were surfacedried and coated with two layers of nail varnish applied 1 mm away from the interfaces. After rehydration in distilled water for 10 min, they were immersed in solution consisting of 50% (wt/v) ammoniac silver nitrate (pH=9.5) in dark for 24 h 14) , rinsed thoroughly in distilled water and immersed in photo-developing solution (Kodak professional D-76 developer, Birmingham, UK) for 8 h under fluorescent light to facilitate transformation of silver ions into metallic silver particles within voids along the interface area.
Beams were wet-polished with 1000-grit SiC paper, to remove the nail varnish, then embedded in epoxy resin (EpoFix resin, Struers, Ballerup, Denmark), polished with 1000-, 2000-and 4000-grit SiC paper and then 1, 0.1 and 0.05 µm diamond paste (Buehler) 15) . Blocks of epoxy were ultrasonically cleaned, mounted on slab and coated with carbon-gold thin layer for scanning electron microscope (SEM) (Phenom Pro, Phenom-world, Eindhoven, the Netherlands) analysis.
To standardized image acquisition, three images were systematically acquired from each beam. As the three bonded beams per tooth were used for each time evaluation, a total of 18 images were evaluated for each experimental group. The extension of silver particles within hybrid layer was evaluated using ImageJ (ImageJ 1.42q: NIH). The percentages of total length of hybrid layer among the adhesive layer were measured after taking SEM pictures systematically from resindentin beams 9) .
Statistical analysis
The µTBS (MPa) and NL values of all beams from the same tooth were averaged for statistical purposes. The data were subjected to two-way analysis of variance ANOVA using storage time and DMSO concentrations Upper case letters and lower case letters indicate the statistically significant differences between initial or after 6 months (aged groups), respectively. Asterisks indicate the significant difference between the time points within the same tested group (p<0.05). as the variables. Post hoc multiple comparisons were used with Tukey's HSD test. The statistical significance was set at α=0.05.
RESULTS

Microtensile bond strength
Microtensile bond strength results are presented in Fig. 1 . After 24 h storage, no significant difference was observed between the DMSO-pretreated groups and the control group (p>0.05). After six months storage in artificial saliva, the control group showed a 36% reduction in µTBS that was significantly lower compared to IM results (p<0.05) or DMSO-treated groups. DMSO pretreated groups showed a slight reduction in bond strength (ranged between 5 to 16%) which was not significantly different compared to bond strength (p>0.05) (Fig. 1) .
Failure pattern
Fracture pattern results of immediate and aged specimens are presented in Figs. 2A and B , respectively. Most of the failures were mixed failure. Pretesting failures were found more in the specimens of aged control group compared to other groups. There were two pretesting failures at control group after 24 h incubation (immediate bond strength), but 12 pretesting failures from the specimens of control group after 6 months of storage.
Interfacial nanoleakage evaluation
Results of percentages of silver particles accumulation are presented in Fig. 3 . After 24 h 5 and 10% DMSOtreated groups showed significantly lower nanoleakage compared to the control and 0.001% DMSO-treated groups (p<0.05). After 6 months storage in artificial saliva, significant increase in leakage of silver nanoparticles within hybrid layer of the control specimens and groups pretreated with 0.001-0.1% DMSO Fig. 4 Representative backscattered SEM micrographs showing silver accumulation along the hybrid layer after pretreatment with various percentages of DMSO (A1, B1, C1, D1, E1, F1, G1, and H1): Immediate (after 24 h) SEM graphs of the specimens pretreated with 0, 0.001, 0.01, 0.1, 1, 5, 10 and 20 mass% DMSO respectively. (A2, B2, C2, D2, E2, F2, G2 and H2): SEM graphs of aged specimens (after 6 months of storage in artificial saliva) of the same DMSO concentrations respectively. More silver particles are present at the hybrid layer with 0, 0.001, 0.01, 0.1% DMSO pretreated specimens after 6 months of storage in A.S (A2, B2, C2 and D2). Stored specimens showed increased silver uptake compared to 24 h for all groups, especially with the control, 0.001, 0.01% DMSO pretreated specimens. Specimens treated with 5% DMSO showed the lowest impregnation of silver particles within hybrid layer compared to control.
was observed (p<0.05) (Fig. 3 ). All other groups did not show any increase in nanoleakage after 6 months incubation. The groups pretreated with 5% DMSO showed the lowest impregnation of silver particles within hybrid layer in both time points (Fig. 4) .
DISCUSSION
Resin/dentin bonds have limited durability and therefore there is an increased interest in the formulations and composition of dental adhesives to improve the bond strength durability 16, 17) . Microtensile bond strength test is one of the commonly used methods to evaluate the durability of resin/dentin bonds. Despite the discussions regarding the clinical relevance of this test method, it has been recommended as the best method to compare different formulations of adhesives and treatments 18) . Dentin pretreatment with various concentration of DMSO did not affect the bond strength after 24 h, but significantly improved the durability at 6 months. Therefore the null hypothesis was partly accepted. There is very limited information regarding the effect of DMSO-pretreatment on dentin bond strength and hybrid layer quality. A previous work 12) showed a significant increase in immediate dentin bond strength with 50% DMSO pretreatment using a three-step etch and rinse adhesive, while another study showed no effect with 0.004% DMSO pretreatment using a two-step etch and rinse adhesive 9) . In line with the previous report, the current study showed no significant effect of DMSO pretreatment with a range of 0.001 to 20% on immediate bond strength when a two-step etch and rinse adhesive was used. On the other hand, nanoleakage evaluation of the bonded interfaces after 24 h revealed some differences among test groups, 5 and 10% DMSO-pretreated groups showing significantly lower silver precipitation compared to control or the lowest (0.001%) concentration (Fig. 3 ). This might be partly explained with the possible changes in wettability of dentin surface after DMSO treatment. DMSO pretreatment increases the wettability of dentin surface 19) , and enhances the penetration of the adhesives 9, 19) . DMSO has the ability to breakdown the self-association ability of water molecules within dentin and suppress the hydrogen-bonding potential of collagen fibrils with each other resulting in disassociation of the highly crosslinked collagen into a sparser network of fibrils 9, 12, 19) . The increased spaces between the collagen meshwork may facilitate more consistent encapsulation of exposed collagen fibrils with the adhesive resin and reduction of exposed collagen at the base of the hybrid layer 12) . This might partially explain the results showing no significant differences in µTBS after 24 h among the test groups, while a significant reduction in nanoleakage was observed in some of the DMSO-treated groups.
The physicomechanical properties of the resin at the resin-dentin interface as well as the proper encapsulation of the collagen fibrils affect the longterm durability of the resin-bonds. The simplified resin formulations combining the solvents, hydrophilic and hydrophobic monomers at the same bottle are more prone to hydrolytic degradation resulting in compromised durability of the adhesive interfaces 20, 21) . Significant reduction in bond strength and the increase in premature failures of the control group are consistent with the previous report 1) . The removal of the organic solvents and water from the adhesive interfaces before resin polymerization is difficult, resulting in lower degree of conversion and higher water sorption over time 22) . We can assume that the enhanced penetration of adhesive resin to DMSO-treated dentin and more consistent encapsulation of collagen network result in a layer resistant to both hydrolytic adhesive and hostderived enzymatic collagen degradation. Most of the host-derived enzymes are hydrolyses and require water for their action 1) . If the exposed collagen is tightly sealed with resin, water will not be available for enzymatic action. On the other hand, DMSO has a lower vapor pressure compared to other commonly used solvents, so evaporation of the DMSO with increasing concentrations is much less likely to occur compared to other adhesive resin solvents. Organic solvents act not only as carriers of the monomers into the collagen interfibrillar spaces, but also as diluents to lower the resin viscosity and up to a certain concentration can increase the degree of conversion of the resins without compromising the mechanical properties 22) . Therefore, the available DMSO at the bottom of the hybrid layer might result in increased polymerization of the resin 10) . However, the increase in failures involving dentin after 6 months with 10 and 20% DMSO groups as well as a slight increase in nanoleakage of these groups might indirectly show that high concentrations of DMSO pretreatment can also be detrimental to the bonding.
CONCLUSION
Within the limitations of this investigation, it is concluded that DMSO-pretreatment of dentin at a concentration of 1-5% resulted in improvement of the bonding durability. DMSO may therefore be used as a primer in dental adhesive systems as it showed promising consequences to prolong integrity of resindentin interface. Further studies are needed to evaluate the effect of DMSO in polymer networks.
